Objective: An association between glycosylated hemoglobin (GHb) and cardiovascular mortality in nondiabetic individuals has recently been reported. Prompt detection of nondiabetic individuals with high-normal GHb and early cardiovascular involvement may be of value for preventive strategies. In this investigation, a possible relationship between GHb, aortic function and left ventricular (LV) mass in nondiabetic individuals has been studied. Methods: A total of 263 nondiabetic African-Americans, aged 22-63 (mean 42G8) years were studied. All individuals were first degree relatives of diabetic patients, had normal oral glucose tolerance test (2-h OGTT) and decreased peripheral action of insulin. LV diameters and mass (echocardiography); ascending and abdominal aortic distensibility (echocardiography, arterial pressure); pulse wave velocity (PWV; electrocardiography, Doppler); fasting glucose; GHb; insulin sensitivity index (S I ) and 2-h OGTT were measured. Multiple linear and logistic regression analyses were used to identify significant independent associations of fasting glucose; GHb; S I and 2-h OGTT with aortic function and LV mass. Results: In fully adjusted multivariate logistic regression analysis, GHb predicted lower values of aortic distensibility (odds ratio (OR) 1.67 95% CI (1.04-2.75), PZ0.04); higher PWV (OR 1.79 95% CI (1.09-2.93), PZ0.022); and higher values of LV mass (OR 1.56 95% CI (1.08-2.88), PZ0.029). Fasting glucose, S I , and 2 h OGTT were not associated with aortic function and LV mass. Conclusion: Higher GHb concentrations, even within 'normal' range, are independently associated with stiffer aorta and increased LV mass and thus may detect nondiabetic individuals at increased cardiovascular risk.
Introduction
Patients with type 2 diabetes mellitus are at increased risk for cardiovascular complications (1) . Glycosylated hemoglobin (GHb) or hemoglobin A1c (HbA1c) concentrations have been used for decades to assess the status of long-term glycemic control in diabetic patients. Recent studies from our laboratory have shown that high GHb concentrations considered within the 'normal range' may detect individuals with increased propensity for developing type 2 diabetes mellitus in the near future (2) . Available information has also suggested that in the general population, high GHb concentrations may detect individuals at higher risk for cardiovascular mortality (3) . These studies prompted the hypothesis that GHb may be associated with cardiovascular parameters that increase the risk for cardiovascular events, such as left ventricular (LV) mass and aortic stiffness.
The present study was undertaken to assess a possible association between GHb, LV mass, and aortic function in nondiabetic individuals with insulin resistance.
Subjects and methods

Study population
In the diabetic clinic of The Ohio State University, we follow w3000 African-Americans with type 2 diabetes mellitus (DM), residing in Franklin County, Central Ohio. All individuals recruited for the study (180 females and 83 males; mean age 42G8 years, range 22-63 years) were first-degree relatives of these patients, with at least one parent with type 2 DM, as defined by the National Diabetes Data Group criteria (4) . Fasting plasma glucose was ! 100 mg/dl, plasma glucose 2 h after administration of 75 g oral glucose load was !140 mg/dl and insulin sensitivity index (S I ) was decreased in all subjects included in the study (see Metabolic studies). Arterial blood pressure was !140/90 mmHg and body mass index ! 30 in all individuals.
Subjects with a history of excessive alcohol use, liver, lung, kidney or cardiovascular diseases, malignancies, hematological disorders, pregnant or breastfeeding women, and subjects with acute illness or chronic disease that required treatment with any kind of drugs were excluded prior to entry into the study. Finally, individuals who participated in endurance exercise or indulged in regular competitive sports and in a weight reduction program within the past 6 months were also excluded.
Informed written consent, approved by the institutional review board for human biomedical research at The Ohio State University, was obtained from each subject.
Cardiovascular studies
Subjects reported to the Overstreet Cardiovascular Teaching and Research Laboratory, Division of Cardiology, The Ohio State University. Medical history and physical examination including body weight and height measurement was ascertained in all individuals. Body weight and height were measured with subjects wearing an examination gown without shoes and body surface area (BSA) was calculated. Brachial artery pressure (BP) was measured by sphygmomanometry with subjects in the supine position after they had been seated for at least 5 min. The average of two measurements was used.
All subjects underwent echocardiography using a Hewlett-Packard Model 77020A device using standard techniques.
LV mass LV diameters were measured according to the recommendations of the American Society of Echocardiography at end-diastole and end-systole, using freezeframes from the two-dimensional directed M-mode echocardiographic tracings from parasternal long axis views. LV mass and function were measured as described previously (5-7). LV mass index was derived by dividing LV mass by BSA.
Aortic distensibility Aortic distensibility is an index used to estimate the elastic properties of the aorta. As the aorta becomes stiffer, the aortic distensibility decreases, thus as the aorta becomes more elastic the aortic distensibility increases (8) . Systolic and diastolic diameters of the ascending aorta were measured 3 cm above the aortic valve, in the two-dimensional guided M-mode echocardiographic tracings from the parasternal long axis view, as described from our laboratory (9) . The average value of 5 beats was used for analysis. Systolic abdominal aortic diameter was measured at the maximal anterior motion of the aorta, and diastolic abdominal aortic diameter was measured 100 ms before the beginning of the anterior motion of the aorta. Aortic distensibility (cm 2 dynes K1 10
K6
) was measured using the formula: 2! (systolic aortic diameter)K(diastolic aortic diameter)/ (diastolic aortic diameter)!(pulse pressure).
Pulse wave velocity (PWV) For the measurements of aortic PWV the Doppler flow velocities from the carotid artery and femoral arteries were recorded simultaneously with the electrocardiogram. The time from the beginning of the QRS complex on the electrocardiogram to the upstroke of the carotid artery Doppler flow velocity and the time from the beginning of the QRS complex to the upstroke of the left femoral artery Doppler flow velocity were measured. PWV was calculated as the ratio of the distance between the carotid artery and the femoral artery (m) over the time (s) required for the pulse wave to travel from the carotid artery to the femoral artery (8, 9) .
Metabolic studies
After a 10-12 h overnight fast, all participants referred to the General Clinical Research Center (GCRC) of The Ohio State University Medical Center. Blood was drawn for metabolic, biochemical, and hematological parameters. With subjects in the supine position, two i.v. needles were inserted to forearm veins and kept clear with 0.9% normal saline infusion. One of the i.v. lines was used to draw samples of blood and the other for glucose and insulin administration.
Oral glucose tolerance test (OGTT) Each subject was instructed to ingest 250 g carbohydrate in their regular meals for 3 days before the study. Following a 10-12 h overnight fast, all subjects ingested a 75 g oral glucose load (Koladex, Baltimore, MD, USA) in a total volume of 250 ml over a 2-min period. Blood samples for serum glucose, insulin, and c-peptide were obtained at baseline, and at 30, 60, 90, and 120 min after glucose administration. Glucose tolerance status was defined using the National Diabetes Data Group criteria (4).
Insulin sensitivity index All blood samples were centrifuged at 4 8C and the sera were frozen and stored at K20 8C until assay. S I was measured using the frequently sampled i.v. glucose tolerance test. The minimal model software program (MINIMOD; copyright RN Bergman, 1986 ) was used as previously described (10) .
Analytical methods Serum glucose concentrations were measured by the hexokinase method using a glucose autoanalyzer (Yellow Spring Instruments, Yellow Spring, OH, USA). The serum insulin and c-peptide levels were determined by a standard doubleantibody RIA technique at the core laboratories of The Ohio State University Hospitals. The HbA1 was measured by the cationic, microcolumn chromatographic technique (Isolab, Akron, OH, USA). The normal reference range was 4.1-8.0%. Our previous HbA1 assay measured HbA1a, HbA1b, and GHb. GHb is the major component of HbA1, accounting for at least 80% of the total HbA1 in our assay. Thus, to be consistent with the GHb data that have been used in both the Diabetes Control and Complications Trial and the UK Prospective Diabetes Study, we have converted the HbA1 to GHb equivalent. The normal GHb range in our study population was 2.2-6.4%. Total serum cholesterol, high-density lipoprotein cholesterol (HDL-C), and triglycerides were measured using standard enzymatic methods. Low density lipoprotein (LDL) cholesterol was calculated using Friedwald's equation, where LDL cholesterolZ(total cholesterolKHDL cholesterolKtriglyceride)/5, for serum triglycerides ! 400 mg/dl.
Statistical analysis
Subjects' characteristics are presented as meanG1 S.D., unless otherwise indicated. GHb was normally distributed in the study population. The mean value of ascending and abdominal aortic distensibility of eachindividual was used as overall aortic distensibilty. Univariate linear regression analysis was performed to define significant determinants of aortic distensibility, PWV and LV mass. Variables included in the model were total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides, age, gender, systolic BP, diastolic BP, BSA, smoking status. Variables having a significant association with aortic distensibility, PWV or LV mass entered into multiple linear regression model together with each one of the glycemic factors GHb, fasting glucose, 2-h OGTT and S I , to identify significant independent associations between aortic distensibility, PWV or LV mass and these factors. In order to show a possible predictive value of GHb, fasting glucose, 2-h OGTT and S I for lower aortic distensibility and higher PWV and LV mass, univariate and multivariate logistic regression analysis were performed. For this reason, aortic distensibility, PWV and LV mass were divided into lower and higher levels according to their median values. Statistical analysis was performed using SPSS v 11.0 (SPSS Inc., Chicago, IL, USA). A P value of !0.05 was considerate statistically significant. Table 1 shows the baseline characteristics of the study population.
Results
Univariate linear regression analysis demonstrated that from the demographic parameters, age, systolic BP and HDL cholesterol were significantly associated with overall aortic distensibility ( Table 2 ). These factors entered in multiple linear regression analysis together with the glycemic factors GHb, fasting glucose, 2-h OGTT and S I . GHb was the only factor independently and significantly associated with aortic distensibility (bZK0.177, tZK2.121, PZ0.03, Table 3) .
Univariate linear regression analysis demonstrated that from the demographic parameters only age was significantly associated with PWV ( Table 2 ). In multiple linear regression analysis GHb (bZ0.153, tZ1.893, PZ0.04) and fasting glucose (bZ0.209, tZ2.581, PZ0.01) were independently associated with PWV (Table 3) .
GHb was also independently associated with LV mass index after a multiple linear regression analysis adjusted for age, systolic BP, gender and BSA (bZ0.173, tZ2.376, PZ0.02, Table 3 ).
In univariate models of logistic regression analysis only GHb was significantly associated with lower aortic distensibility (OR 1.89 95% CI (1.19-3.03), PZ0.008); higher PWV (OR 1.92 95% CI (1.21-3.06), PZ0.005) and higher LV mass index (OR 1.74 95% CI (1.08-2.88), PZ0.02, Table 4 ), whereas fasting glucose, 2-h OGTT and S I did not.
In multivariate models of logistic regression analysis, GHb was the only glycemic factor that predicts lower After adjustment for all these factors, GHb levels were inversely correlated with overall aortic distensibility ( Fig. 1) .
Discussion
The present study demonstrates that GHb, even in concentrations considered within the 'normal range', is independently related to LV mass and aortic function. Higher GHb concentrations were associated with greater LV mass and PWV, and lower aortic distensibility in asymptomatic nondiabetic individuals with normal glucose tolerance. On the contrary, S I , fasting glucose and 2 h OGTT were not associated with LV mass and aortic function. Aortic distensibility and PWV are indices which have been used to estimate the elastic properties of the aorta. It is known that a decreased aortic distensibility and/or increased PWV (i.e. stiffer aorta) often are present in patients with atherosclerosis, arterial hypertension, diabetes mellitus and older age (6, 11, 12) . Epidemiologic studies have shown that aortic stiffness is a prognostic indicator for cardiovascular morbidity and mortality in the general population, independent of other risk factors (13, 14) . Increased aortic stiffness will result in higher systolic BP, thus adding load to the LV, which may increase the LV mass; increased LV mass is also a prognostic indicator for cardiovascular morbidity and mortality in the general population, independent of other risk factors (15, 16) . In the present study, individuals with higher GHb levels had both increased aortic stiffness and LV mass. Hb, as well as other proteins, undergoes nonenzymatic glycosylation. For Hb, glycosylation occurs when glucose is added to one or both N-terminals of the beta chains of the molecule. Because erythrocytes are freely permeable to glucose, the rate of Hb glycosylation is directly related to plasma glucose concentrations. In nondiabetic individuals, only a small percentage of the hemoglobin in red blood cells is glycosylated. In contrast, in diabetic patients, GHb concentrations are much higher compared with normals, especially in cases with poor glycemic control. Thus, in patients with diabetes mellitus, measurement of GHb concentrations provides an accurate picture of overall glycemic control for the previous 3 months. Likewise, concentrations of GHb in nondiabetic individuals indirectly indicate average plasma glucose levels.
Theoretically, GHb may reflect universal tissue protein glycation and might be a much better index for overall biological effects of glucose above and beyond of one single measure of glucose levels. It is known that nonenzymatic glycosylation of proteins and formation of advanced glycation end-products may have adverse effects on tissue structure and function by generation of reactive oxygen species (17, 18) . Furthermore, other studies have shown that red blood cells containing increased concentrations of GHb bind nitric oxide more avidly, leading to nitric oxide inactivation, reduced nitric oxide delivery to tissues and reduced relaxant responses of microvessels to agonists such as bradykinin (19) . Nonenzymatic glycosylation of the elastin and collagen of the aortic wall may contribute to the functional abnormalities of the aorta often present in patients with diabetes mellitus (20) . The present study further demonstrates that high-normal GHb concentrations may influence aortic function even in nondiabetic individuals with normal glucose tolerance.
GHb concentration increases with age due to a small but steady decline in pancreatic b-cell function (21) . It is also known that aortic distensibility decreases, while PWV and LV mass increase with age (6) . In the present study, however, the association between GHb, aortic distensibility and LV mass persists after adjustment for age.
In the present study, individuals with a family history of type 2 diabetes mellitus, normal OGTT and insulin resistance were included. Thus, the data from the study cannot be extrapolated to the general population. Furthermore, the studied individuals were AfricanAmericans, a population that manifest a greater prevalence and incidence of type 2 diabetes and its complications compared with their white counterparts (22) . For these reasons, caution must be exercised when extrapolating the findings of this study to other populations. The study suggests however that cardiovascular involvement may precede the onset of frank diabetes, at the time when plasma glucose is within normal range and GHb in the high-normal levels. Since an association between GHb, aortic stiffness and LV mass was found in the present study, GHb may be used in the risk assessment for early cardiovascular involvement in individuals at high risk for developing type 2 diabetes mellitus.
Ko et al. (23) have shown that in nondiabetic individuals with normal glucose tolerance, GHb concentrations were associated with age, blood pressure, total and LDL cholesterol, apolipoprotein B, and urate concentration. However, when age and gender were included as covariates, only total and LDL cholesterol remained associated with GHb levels. Further, aortic function and LV mass were not measured in this study. In addition, the study of Ko et al. (24) was performed in a Chinese population, who may differ from African-Americans in so far as cardiovascular risks are concern (25) .
Other studies have also shown that GHb is associated with the extent of coronary atherosclerosis in nondiabetic subjects with normal glucose tolerance and coronary artery disease (26) . The same was found for carotid artery atherosclerosis (27) . In the present study, only individuals without evidence of atherosclerotic disease were included. To our knowledge, extensive studies to define the extent of coronary atherosclerosis in this group of asymptomatic individuals were not performed.
In conclusion, this study demonstrates for the first time that high GHb concentrations considered within the 'normal range' are associated with lower aortic distensibility and higher LV mass. Thus, GHb may be a useful marker of both cardiovascular involvement and increased cardiovascular risk in nondiabetic individuals, better than fasting glucose or 2-h OGTT. Studies have shown that dietary and lifestyle modification may decrease GHb concentrations (28) . Whether lifestyle modifications and/or other pharmacological interventions have any significant effect on aortic function, LV mass or cardiovascular complications in this population remains to be defined (29, 30) .
